I
Glycerol Phosphate Shuttle in Virus-Trans formed Ce 11 s in Culture Abstract. The glycerol phosphate shuttle is shown not only to be present and functional in virus-transformed cells, but its level is higher than in normal cells in ~ulture. The increased aerobic glycolysis which has been demonstrated for these cells after transformation, therefore, is not due to an impairment of hydrogen transfer pathways.
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The mechanism of increased aerobic glycolysis of tumor cells, when it .occurs, is as yet not understood. One of the more widely accepted explanations is that the enzymes necessary for generation of NAD+ are lacking in malignant cells (1) . Of the three NADH shuttles proposed for transport of electrons to the mitochondria (2) , glycerol phosphate the (GP) shuttle is the most important. During/catabolism of one molecule of glucose, two molecules of NAD+ are reduced to NADH when glyceraldehyde 3-phosphate (GAP) is converted to 1 ,3-diphosphoglycerate. The cytoplasmic NADH is used, in turn, either to convert dihydroxyacetone phosphate (DHAP) to o(..glycerol phosphate (GP) or to convert pyruvate to lactate. The affinity of glycerol phosphate dehydrogenase (EC 1.1.1 .8; GPDH) for NADH is greater than that of lactate dehydrogenase (EC 1.1.1.27; LDH) (3).
Thus, under aerobic conditions, littl~ lactate is produced by normal cells in vivo. However, many tumor cells were reported to lack, or have drastically reduced levels of, cytoplasmic GPDH (1 ,2). Boxer and Devlin proposed that LDH could now compete favorably for the cytosolic NADH with a resulting increase in lactic acid production (2) . The i~AD+ thus produced would allow the continuous degradation of glucose.
The general applicability of this postulate has been questioned occasionally (4), although the postulate itseli has gained general acceptability (5). More recently, in one kind of Ehrlich Ascites tumor cells with a high rate of aerobic glycolysis, the shuttle was shown to be absent. However, in another strain with equally high rate of glycolysis, the shuttle was fully operative (6). Ascites tumor cells do not have a normal counterpart in culture. A comparison between nonna 1 and rna 1 i gnant ce 11 s under compa rab 1 e en vi ronmenta 1 conditions has not been reported previously and was therefore called for.
While normal chick embryo fibroblasts grown in tissue culture do produce,~ppreciable amount of lactic acid (7, 8) , Rous sarcoma ~irus (RSV) transformed cells have been shown to produce even more lactate (8, 9) . The increase was demonstrated under steady-state conditions and was shown to be in excess of the changes due to growth rates (8 ,9 ).
An examination of the extent of'the glycerol phosphate shuttle in these cells was undertaken to determine whether a decrease in shuttle activity accompanies the increased lactic acid production.
Primary cultures were prepared from 10-day old chick embryos free of resistance-inducing factor essentially as described (10) . The single cells were plated in 100 1m1 culture dishes at 8 x 10 6 cells per plate in A comparison of GPDH and LDH enzyme acti~ities indicated that the level of GPDH was low, but comparable in normal and RSV-transformed cells ( Table I ). The total level of enzyme fluctuated after the cells were grown in culture for 24 hours and was slightly lower for both nor.nal and -4-transformed secondary cultures. The activity of LDH·, on the other hand, was increased after the cells were grown in culture and after transformation (Table 1~12) .
Since the measurement of enzyme activities in extracts does not give indications of the actual activity of the enzyme in the cells, the rate 14 . 14 of C•carbon flow from U-C-glucose into glycerol phosphate was compared in normal and virus-transformed cells.. Forty-eight hours after secondary plating, the cells were placed in the steady-state apparatus and labeled with u-14 c-glucose for various periods of time as described (9,13). The killed cells were analyzed for the distribution of label among various pools by two-dimension~l paper chromatography and auioradiography (9,13).
The initial rate of 14 c-carbon flow from gluco~e into the pool of GP, as well as the final •evel of 14 c label in GP, was 3-to 6-fold higher in transformed cultures than in normal cells (Fig. l) , with the magnitude of the increase being dependent on the degree of transformation. If one assumes that the flow of 14 c-carbon into GP is via DHAP, which is the most likely possibility, the initial rate of 14 C-flow into the pool of GP (Fig. 1) would indicate that the enzyme is not only active in transformed. ce 11 s,. but its activity is higher than in norma 1 ce 11 s. 
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,: values are ~verage of 3 independent experiments.
-10- Exp. 14 c-pool level of glycerol 3-phosphate in normal and transformed cells.
Secondary cultures were placed in the steady-state apparatus. After one hour of incubation in serum-free medium, medium containing uniformly labeled glucose (536 Ci/mole; 5·5mM) was added. At intervals medium was removed, the cells were washed rapidly and killed. After scraping and sonication, an aliquot was applied to filter paper for analysis by two dimensional chromatography and autor;diography (9,13). GP and OHAP .
run as a single spot under these conditions. The spot was eluted and rerun on DEAE cellulose paper in the first direction in phenol :water:
acetic acid (84:16:1) for 48 hr which separated the two components.
The spots were counted as described (13). -0 E a.
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